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HormoneHigh salinity is one of the main factors limiting cotton growth and productivity. The genes that regulate salt
stress in TM-1 upland cotton were monitored using microarray and real-time PCR (RT-PCR) with samples
taken from roots. Microarray analysis showed that 1503 probe sets were up-regulated and 1490 probe sets
were down-regulated in plants exposed for 3 h to 100 mM NaCl, and RT-PCR analysis validated 42
relevant/related genes. The distribution of enriched gene ontology terms showed such important processes as
the response to water stress and pathways of hormonemetabolism and signal transductionwere induced by
the NaCl treatment. Some key regulatory gene families involved in abiotic and biotic sources of stress such as
WRKY, ERF, and JAZ were differentially expressed. Our transcriptome analysis might provide some useful
insights into salt-mediated signal transduction pathways in cotton and offer a number of candidate genes as
potential markers of tolerance to salt stress.u@cau.edu.cn (Z. Su).
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Cotton (Gossypium hirsutum L.) produces an essential commodity,
namely ﬁbers for use in textiles, and cotton seed is a source of oil.
Although cotton is moderately tolerant to salt, with a salinity threshold
of 7.7 dS m−1[1,2], growth especially of seedlings and productivity are
severely reduced under high salinity [3,4]. The high salinity is one of the
major factors that limit photosynthesis and respiration, ﬂowering, boll
and ﬁber quality, and ion uptake in cotton, resulting in signiﬁcant losses
in yield [4,5]. Breeders have sought tomake cottonmore tolerant to salt
through various methods including traditional plant breeding and
biotechnological approaches suchas creating transgenic cotton inwhich
vacuolar H1-PPase from Thellungiella halophila and AtNHX1, a vacuolar
Na+/H+ antiporter, is over-expressed [6]. Arbuscular mycorrhizae
(AM) that colonize cotton roots have also been deployed for the
purpose, a measure that has proved particularly useful in growing
cotton in saline–alkali soils [7,8].
Generally, plant response to high salinity is governed mainly by
pathways involved in ionic and osmotic homeostasis signaling,
detoxiﬁcation, and growth regulation [9–11]. Although sensors that
detect salt stress are yet to be identiﬁed, the mechanisms of salt
tolerance have been studied extensively using several differentapproaches including genetic analysis, especially in Arabidopsis. A
pathway, namely SOS (salt overly sensitive), that controls ionic
homeostasis was identiﬁed, in which ion transporters such as SOS1 are
regulated by the calcium-responsive protein kinase SOS3–SOS2
complex [12]. SOS3 is a myristoylated calcium-binding protein and
senses changes in cytosolic calcium during salt stress [13–15]. In
addition, the K+/Na+ homeostasis under salt stress is also critical to
stress tolerance, and SKC1was identiﬁed as a sodium transporter that
regulates K+/Na+ homeostasis under salt stress [16].
Plant response to osmotic stress also affects ABA metabolic and
signal transduction pathways [12,17,18], and salt tolerance and
drought resistance are signiﬁcantly and positively correlated, indi-
cating that similar mechanisms of osmotic regulation are involved in
plant response to both salinity and drought [19]. Proline and trehalose
are two important osmolytes. The P5CS gene, coding for pyrroline 5-
carboxylate synthetase, and the TPS gene, coding for trehalose 6-
phosphate-synthase, were recently isolated and characterized from
Gossypium arboreum “Shixiya I,” a cultivar known for its drought
tolerance, and were reported to be over-expressed in G.hirsutum[20].
Osmotic homeostasis was reported to be regulated also by some
MAP kinases (MAPK) cascades [2,21,22], which transduce signals into
adaptive and programmed responses. Plant MAPK cascades were
identiﬁed in the regulation of stress and hormonal responses, innate
immunity, and developmental programs. Several MAP kinases were
reported to be activated by hyperosmotic stress.
When exposed to salt stress, many genes are induced that either
protect the plant from salt stress directly or regulate the expression of
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popular method of studying the possible mechanisms of response to
salt stress and of elucidating the pathways involved in transducing the
signals that convey salt stress. Recently, microarray-based analyses of
the response to NaCl of many plant species have been published in
more than 50 reports from the NCBI GEO data sets available at
bwww.ncbi.nlm.nih.govN. These studies have analyzed cell cultures,
whole plants, or speciﬁc plant organs such as roots and leaves. Several
microarray platforms are available for development- and stress-
related transcriptome studies of cotton [23–30]; for example, the
Affymetrix cotton genome array was used for studying transcription
prooﬁng in cotton roots and leaves responding to stress in the formof
water-logging [29].
When plants are exposed to stress in the form of excess salt, roots
are the ﬁrst site at which salinity is detected. In cotton seedlings
exposed to salt stress (administered as NaCl), the length and fresh
weight of roots were reduced to a greater extent than those of
hypocotyls [31]. However, little is known about possible signal
transduction pathways related to salt stress in cotton roots. Global
transcriptome analysis is also limited. Therefore, we used GeneChip®
Cotton Genome Array representing 21,854 cotton transcripts to
monitor the expression proﬁles of genes related to the plant's
response, taking root samples, and validated our results with real-
time RT-PCR. The biological processes involved in the response of
cotton roots to salt stress are being studied using several approaches
including gene ontology (GO) enrichment analysis, MapMan, and
network analysis for the up- or down-regulated genes. This paper
attempts an overview of the transcription map of cotton roots under
salt stress, which may yield some useful insights into salt-mediated
signal transduction pathways in plant roots and offer a number of
candidate genes as potential markers of tolerance to salt stress.
2. Materials and methods
2.1. Plant material and growth conditions
Cotton (G. hirsutum L. “TM-1”) seeds were kept immersed in water
for 1 day at 30 °C and then placed for germination on sterilized soil in
plates maintained under the following conditions: 28 °C/25 °C as day
and night temperatures, 12 h of light alternating with 12 h of
darkness, and relative humidity of 80%. After 3–4 days, properly
germinated seeds were transferred to black plastic tanks ﬁlled with a
nutrient solution (the composition is given in Supplemental Table 1)
and allowed to grow until they had produced 3–6 leaves. Seedlings
showing normal growth were then placed into tanks ﬁlled with a
100 mM solution of NaCl in water; some of the seedlings were
transferred to tanks ﬁlled with plain water to serve as controls. After
exposing the seedlings to salt stress for varying durations (1 h, 3 h,
6 h, and 24 h), roots of the upland cotton seedlings were harvested.
Roots of the control plants were also harvested at the same times.
2.2. Measurement of electric conductivity
To measure the relative electric conductivity after exposure to
stress, 30 disks punched from the ﬁrst 3 true leaves from each plant
were put into a tube containing 10 ml distilled water and shaken for
12 h at 180 rpm and the initial electric conductivity of the solution
(S1) was measured. The solution was then heated to 100 °C for
10 min, cooled to room temperature, and the ﬁnal electric conduc-
tivity (S2) was measured. The relative electric conductivity (REC) was
calculated as follows: REC (%)=S1/S2×100.
2.3. Isolation of RNA and real-time PCR
All the root samples were homogenized in liquid nitrogen before
isolation of RNA. Total RNA was isolated using a modiﬁed CTABmethod and puriﬁed using Qiagen RNeasy columns (Qiagen, Hilden,
Germany).
Reverse transcription was performed using an M-MLV kit
(Invitrogen). The samples, 10 μl each containing 2 μg of total RNA
and 20 pmol of random hexamers (Invitrogen), were maintained at
70 °C for 10 min to denature the RNA and then chilled on ice for 2 min.
The reaction buffer and M-MLV enzyme (20 μl of the mixture
contained 500 μM dNTPs, 50 mM Tris–HCl (pH 8.3), 75 mM KCl,
3 mM MgCl2, 5 mM dithiothreitol, 200 U of M-MLV, and 20 pmol
random hexamers) were added to the chilled samples and the
samples were maintained at 37 °C for 1 h. The cDNA samples were
diluted to 8 ng/μl for RT-PCR analysis.
For RT-PCR, assays were performed in triplicate on 1 μl of each
cDNA dilution using the SYBR GreenMaster Mix (Applied Biosystems;
PN 4309155) with an ABI 7500 sequence detection system as
prescribed in the manufacturer's protocol (Applied Biosystems).
The gene-speciﬁc primers were designed using PRIMER3
bhttp://frodo.wi.mit.edu/primer3/input.htmN. The ampliﬁcation of
18S rRNA was used as an internal control to normalize all data
(forward primer, 5′-CGGCTACCACATCCAAGGAA-3′; reverse primer,
5′-TGTCACTACCTCCCCGTGTCA-3′). The gene-speciﬁc primers are
listed in Supplemental Table 2. The relative quantiﬁcation method
(ΔΔCT) was used for quantitative evaluation of the variation between
replicates.
2.4. Affymetrix GeneChip experiment and microarray data analysis
Three sets of biological replicates were collected independently
and a total of six cotton chips were analyzed. For Affymetrix GeneChip
(Affymetrix, Santa Clara, CA, USA) analysis, 8 μg total RNA from each
cotton root sample was used for making biotin-labeled cRNA targets.
All the processes for cDNA and cRNA synthesis, cRNA fragmentation,
hybridization, washing and staining, and scanning were conducted as
stipulated in the GeneChip standard protocol (Eukaryotic Target
Preparation; Affymetrix). Poly-A RNA Control Kit and the One-Cycle
cDNA Synthesis Kit were used in this experiment as described at
bwww.affymetrix.com/support/technical/manuals.affxN. The signal
intensity of each probe set on the GeneChipwas read using Affymetrix
GCOS software and the TGT (target mean value) was scaled as 500 for
each chip. Student's t-test analysis and log2-transformed signal
ratio of each probe set were carried out by Partek Genomics Suite
(version 6.3). The q-value of each probe set was calculated by SAM
(signiﬁcance analysis of microarrays).
To get an updated annotation of the probe set in Affymetrix cotton
genome array, wemapped the probe set to the locus ID of Arabidopsis
TAIR9 version bwww.arabidopsis.orgN and the transcription factor ID
in the Plant Transcription Factor Database (PlantTFDB, bhttp://
planttfdb.cbi.pku.edu.cnN) by BLAST (basic local alignment and search
tool). Within the 23,973 designed probe sets in the Affymetrix cotton
genome array, 19,442 were mapped to TAIR9 locus ID and 1270 to the
transcription factor ID. Based on the results of the BLAST analysis, we
created a MapMan mapping ﬁle for the Affymetrix cotton genome
array.
Gene ontology (GO) analysis was performed for functional
categorization of differentially expressed genes using EasyGO soft-
ware [32] and the p-values corrected by applying the false discovery
rate (FDR) correction to control falsely rejected hypotheses during the
GO analysis. We selected the Chi-square test as our statistical test, and
an FDR corrected p-value of ≤0.05, as the cutoff value.
MapMan bhttp://gabi.rzpd.de/projects/MapManN was used for
key regulation group analysis. The pathway analysis for jasmonic
acid, salicylic acid, and ethylene signaling were conducted using
Pathway Studio bwww.ariadnegenomics.com/products/pathway-
studioN and Science Signaling bhttp://stke.sciencemag.org/index.dtlN,
and the corresponding MapMan pathways were created through the
mapping ﬁles.
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3.1. Detecting salt stress in upland cotton TM-1 by analyzing the
electrical conductivity and real-time PCR of marker genes
The cotton genotype TM-1, a genetic standard for upland cotton,
was chosen for this study. To select the most suitable duration of
exposure to salt stress and the concentration of NaCl, we measured
the relative electric conductivity (REC) of leaves of seedlings that had
been exposed to salt stress for different durations (3 h, 6 h, 12 h, and
24 h) at different concentrations of NaCl in the liquid medium (0 mM,
100 mM, 150 mM, and 200 mM). As can be seen in Fig. 1A, the REC of
cotton leaves under salt treatment increased with both the concen-
tration and the duration. At 3 h, the REC showed no signiﬁcant
difference between the treatment and the control. At 6 h, the REC in
the case of all the 3 concentrations showed signiﬁcant induction
compared to the control. Exposure to even the lowest concentration
(100 mM) was enough to cause a signiﬁcant induction of REC, the
value of which leveled off after 12 h of exposure to 200 mM NaCl.
Thus, the cotton leaves were damaged, although slightly, by increased
salinity.
We also checked the expression patterns of several salt-stress-
related marker genes following different durations of exposure to
100 mM NaCl in roots using real-time PCR (Fig. 1B). The relative
intensities of DN758679 (homolog to ZAT10), DT468555 (homolog to
AtMPK3), and AI055500 (homolog to RD26) were all signiﬁcantly up-
regulated and their expression peaked after 3 h of exposure to the salt
treatment in roots. These patterns of changes in REC and of the
expression of marker genes suggested 3 h and 100 mM as suitable
values for transcriptome analysis of salt stress in cotton roots.Fig. 1. The relative electric conductivity of leaves of upland cotton and expression pattern o
(REC) of upland cotton leaves under salt treatment. The stars, circles, triangles, and squar
respectively). B, The expression pattern of selected marker genes in roots of upland cott
DT468555 (homolog of Arabidopsis gene AtMPK3), AI055500 (homolog of Arabidopsis gen3.2. Generation of microarray data for salt stress in cotton roots
A 24K Affymetrix cotton genome array was conducted to generate
transcription proﬁles of the plant's response to the NaCl treatment.
Samples of root tissue were collected from both treated and untreated
plants after 3 h of exposure to 100 mM NaCl. The experiment
comprised three replications. Raw data were normalized by GCOS
using theMAS5 algorithm, biological reproducibility of themicroarray
experiment was analyzed, and the pair-by-pair scatter plots were
generated (as shown in Fig. 2). The pair-based comparison of the
three biological replicates placed most of the probe sets along the
diagonal. The correlation coefﬁcients were greater than 0.97 (Fig. 2),
indicating a satisfactory level of reproducibility among the experi-
ments. For the scatter plots obtained between the salt treatment and
the control (the blue box in Fig. 2), a good many probe sets fell either
above or below the diagonal, indicating a signiﬁcant change in the
intensity of microarray expression following the treatment.
Changes in expression level for each probe set under the NaCl
treatment were compared with those for each probe set under the
control using the t-test and SAM. The differentially expressed probe sets
were deﬁned by the 2-folder change cutoff as well as by a p-value of
≤0.05. Under salt stress, 1503 probe sets were up-regulated and 1490
probe sets were down-regulated. Detailed data on expression level,
signiﬁcance level (includingp-values for the t-test and q-values for SAM),
and annotations of each probe set are listed in Supplemental Table 3.
3.3. Gene ontology analysis of cotton probe sets in response to salt stress
To identify possible biological pathways that govern the responses of
differentially expressed genes to the NaCl treatment, GO categoryf selected marker genes in response to NaCl treatment. A, Relative electric conductivity
es represent the control (CK: 0 mM, 100 mM, 150 mM, and 200 mM NaCl treatments,
on responding to NaCl treatment. DN758679 (homolog of Arabidopsis gene ZAT10),
e RD26); CK means control plants.
Fig. 2. Pair-by-pair scatter plots of the intensity of raw probe sets across all arrays. The intersection of all probe sets was used to generate each scatter plot, and the correlation
coefﬁcient of each pair of biological replicates was listed; data for the control and NaCl treatment are within the blue box.
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was performed using an FDR adjusted p-value of ≤0.05 as the cutoff.
Table 1 lists the results of theGOanalysis for theup-regulatedprobe sets
(the down-regulated sets showed no signiﬁcant enriched GO terms). Of
the 1503 up-regulated probe sets, 882 probe sets featured GO term
annotations in biological processes, 942 featured GO term annotations
in molecular function, and 781 featured GO term annotations in the
cellular component. The distribution of enriched GO terms showed
several noteworthy ﬁndings. Such important processes as the response
to water stress and pathways of hormone metabolism and signal
transduction were induced by the NaCl treatment. The signiﬁcantly
enriched GO terms included “response to salt stress” (GO:0009651, FDR
p-value=1.40E-03), “response to abscisic acid stimulus” (GO:0009737,
FDR p-value=3.40E-04), “response to ethylene stimulus”
(GO:0009723, FDR p-value=2.40E-04), “jasmonic acid metabolic
process” (GO:0009694, FDR p-value=1.80E-03), “response to auxin
stimulus” (GO:0009733, FDR p-value=7.20E-03), “response to salicylic
acid stimulus” (GO:0009751, FDR p-value=1.00E-02), and “fatty acid
metabolic process” (GO:0006631, FDR p-value=3.80E-03). Some
biological processes related to plant defense were also enriched, such
as “response to wounding” (GO:0009611, FDR p-value=9.50E-05),
“response to chitin” (GO:0010200, FDR p-value=5.70E-04), “responseto fungus” (GO:0009620, FDR p-value=5.80E-03), and “defense
response to bacterium” (GO:0042742, FDR p-value=1.00E-02).
Some other biological processes related to the nucleus and protein
modiﬁcation were active during the NaCl treatment, such as “regulation
of transcription” (GO: 0045449, FDR p-value=1.20E-05), “phosphate
metabolic process” (GO:0006796, FDRp-value=4.00E-03), and “protein
ubiquitination” (GO:0016567, FDR p-value=1.00E-02).
Several enriched GO terms also belonged to molecular function
and the cellular component (Table 1). The most signiﬁcantly enriched
GO term in molecular function was “transcription regulator activity”
(GO:0030528, FDR p-value=5.70E-08). The other GO termswere also
enriched, such as “kinase activity,” “UDP-glycosyltransferase activity,”
“alternative oxidase activity,” “oxidoreductase activity,” “phospho-
transferase activity,” and “copper ion binding.” The only enriched GO
term in the cellular component was “endomembrane system”
(GO:0012505, FDR p-value=2.00E-02).
3.4. Transcription factors in the salt response transcripts in roots of
upland cotton
Results of the GO analysis showed that the transcription regulator
activity was signiﬁcantly enriched. Transcription factors are well
Table 1
Gene ontology analysis of 1503 up-regulated probe sets.
GO term GO name Qnuma B/Rnumb FDR p-value
Biological process 882 14,291
GO:0009651 Response to salt stress 32 218 1.40E-03
GO:0006970 Response to osmotic stress 35 251 1.50E-03
GO:0009737 Response to abscisic acid stimulus 32 200 3.40E-04
GO:0009723 Response to ethylene stimulus 28 157 2.40E-04
GO:0009861 Jasmonic acid and ethylene-dependent systemic resistance 14 72 1.00E-02
GO:0009753 Response to jasmonic acid stimulus 26 180 6.50E-03
GO:0009695 Jasmonic acid biosynthetic process 14 55 1.80E-03
GO:0009694 Jasmonic acid metabolic process 14 55 1.80E-03
GO:0009751 Response to salicylic acid stimulus 19 118 1.00E-02
GO:0009733 Response to auxin stimulus 31 236 7.20E-03
GO:0010200 Response to chitin 8 12 5.70E-04
GO:0009611 Response to wounding 33 192 9.50E-05
GO:0009612 Response to mechanical stimulus 6 15 3.00E-02
GO:0009814 Defense response, incompatible interaction 20 129 1.00E-02
GO:0042742 Defense response to bacterium 17 101 1.00E-02
GO:0009620 Response to fungus 17 90 5.80E-03
GO:0050832 Defense response to fungus 14 65 6.50E-03
GO:0009266 Response to temperature stimulus 39 363 3.00E-02
GO:0045449 Regulation of transcription 99 881 1.20E-05
GO:0006355 Regulation of transcription, DNA-dependent 67 506 1.20E-05
GO:0006351 Transcription, DNA-dependent 67 532 3.00E-05
GO:0043687 Post-translational protein modiﬁcation 80 805 2.50E-03
GO:0006796 Phosphate metabolic process 72 717 4.00E-03
GO:0006468 Protein amino acid phosphorylation 58 550 5.60E-03
GO:0016310 Phosphorylation 65 660 1.00E-02
GO:0016567 Protein ubiquitination 16 89 1.00E-02
GO:0032787 Monocarboxylic acid metabolic process 38 339 2.00E-02
GO:0006631 Fatty acid metabolic process 32 235 3.80E-03
GO:0006633 Fatty acid biosynthetic process 24 163 8.30E-03
GO:0031408 Oxylipin biosynthetic process 14 55 1.80E-03
GO:0008610 Lipid biosynthetic process 38 351 3.00E-02
GO:0006118 Electron transport 46 435 2.00E-02
GO:0043449 Alkene metabolic process 7 23 4.00E-02
Molecular function 942 15,256
GO:0030528 Transcription regulator activity 124 1083 5.70E-08
GO:0003677 DNA binding 131 1395 5.30E-04
GO:0009916 Alternative oxidase activity 6 11 2.00E-02
GO:0016491 Oxidoreductase activity 114 1337 3.00E-02
GO:0016301 Kinase activity 93 926 1.20E-03
GO:0008194 UDP-glycosyltransferase activity 23 142 1.00E-02
GO:0016773 Phosphotransferase activity, alcohol group as acceptor 54 522 3.00E-02
GO:0005507 Copper ion binding 16 81 1.00E-02
Cellular component 781 13,349
GO:0012505 Endomembrane system 153 1914 2.00E-02
a Qnum means that the number of probe sets belong to the GO term from query list.
b B/Rnum means that the number of probe sets belong to the GO term from background.
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transcription and they are the key factors that regulate gene
expression level. A large number of transcription factors in the root
tissue of cotton responded to the NaCl treatment (a summary is given
in Table 2, and detailed information, in Supplemental Table 3).
Table 2 shows the many cotton transcription factor genes with up-
regulation under the 100 mM NaCl treatment, including such key
regulatory gene families involved in responding to abiotic and biotic
sources of stress as WRKY (30.49% genes up-regulated and 2.44%
genes down-regulated), AP2-EREBP (28.79% and 5.30%), NAC (20.75%
and 1.89%), MYB (16.67% and 7.58%), C2H2 (20.00% and 2.50%), AUX-
IAA (13.21% and 1.89%), HSF (26.67% and 6.67%), and ZIM (17.24%
genes up-regulated and none were down-regulated). Table 2 also
shows that some transcription factor genes were down-regulated
under the NaCl treatment, such as C2C2-CO-like (7.69% and 23.08%)
and trihelix genes (33.33% genes down-regulated and none were up-
regulated).
3.5. Real-time PCR validation for microarray data
For microarray validation, we selected 42 genes for RT-PCR based
on the results of the GO analysis and related transcription factorgenes. Results of the pair-by-pair comparison of each probe set
between chip data and the results of RT-PCR are listed in Table 3. For
majority of the selected genes, results of RT-PCR matched the chip
data very well, thereby validating the microarray.
Several key gene function categorieswere representedamong the42
cotton genes. Some of the selected genes were involved in ionic and
osmotic homeostasis signaling together with ABA metabolic and signal
transduction pathways, such as the possible orthologs of SOS3,
CIPK6 (CBL-interacting protein kinase 6), AHA4 (H+-ATPase 4),MEKK1
(MEK kinase 1),MPK3 (mitogen activated protein kinase 3), CP1 (Ca2+-
binding protein 1), STZ (salt tolerance zinc ﬁnger), ABR1 (AP2-like ABA
repressor 1),AHG3 (ABA-hypersensitive germination 3), andABA2 (ABA
deﬁcient 2). In addition, some genes related to other plant hormone
pathways were also chosen, including ethylene biosynthesis related
genes such as orthologs of ACS6 (1-aminocyclopropane-1-carboxylate
synthase) and EFE (ethylene forming enzyme), ethylene-mediated
signaling pathway genes such as ERF (ethylene responsive element
binding factor), salicylic acid stimulus and chitin response genes such as
orthologs of SSI2 (suppressor of SA insensitivity 2) and WRKY tran-
scription factors, genes involved in jasmonate signaling and biosynthe-
sis (orthologs of COI1 (coronatine-insensitive 1), JAZ (jasmonate-ZIM-
domain protein), LOX (lipoxygenase), and AOS (allene oxide synthase)).
Table 2
Summary of changed transcription factor (TF) probe sets.
TF family Probe set
number in chip
Up-regulated % Down-
regulated
%
AP2-EREBP 132 38 28.79 7 5.30
WRKY 82 25 30.49 2 2.44
NAC 53 11 20.75 1 1.89
MYB 66 11 16.67 5 7.58
C2H2 40 8 20.00 1 2.50
bHLH 78 8 10.26 5 6.41
GRAS 33 7 21.21 4 12.12
AUX-IAA 53 7 13.21 1 1.89
HB 58 7 12.07 5 8.62
bZIP 68 6 8.82 6 8.82
MYB-related 62 5 8.06 6 9.68
HSF 15 4 26.67 1 6.67
C3H 61 4 6.56 3 4.92
GARP-G2-like 21 3 14.29 1 4.76
C2C2-Dof 20 2 10.00 2 10.00
C2C2-CO-like 26 2 7.69 6 23.08
Nin-like 8 1 12.50 1 12.50
C2C2-GATA 30 1 3.33 1 3.33
ZIM 29 5 17.24
PLATZ 13 4 30.77
AS2 9 3 33.33
SBP 11 3 27.27
TAZ 3 1 33.33
MBF1 4 1 25.00
CCAAT-HAP3 8 1 12.50
LIM 13 1 7.69
GRF 13 1 7.69
TLP 13 1 7.69
Trihelix 12 4 33.33
PHD 11 2 18.18
TCP 21 2 9.52
MADS 21 2 9.52
ABI3-VP1 27 2 7.41
VOZ 3 1 33.33
ARF 4 1 25.00
GeBP 6 1 16.67
BES1 7 1 14.29
FHA 9 1 11.11
Alﬁn 12 1 8.33
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genes such as orthologs of RGA1 (repressor of GA1-3 1) and RGL2 (RGA-
like 2), and the cytokinin related gene CKX7 (cytokinin oxidase 7).
3.6. Comparative transcriptome analysis of salt stress between upland
cotton root and Arabidopsis root
In order to study the possible mechanism underlying the cotton salt
stress response, we conducted comparative transcriptome analysis of
salt stress between upland cotton root and Arabidopsis roots. We
mapped the cotton probe sets to Arabidopsis genes. Meanwhile, the
summary data from two papers were extracted for our comparison
analysis. One data set was from the Deyholos Lab, which did the
comprehensive transcriptional proﬁling analysis of salt-stressed Arabi-
dopsis roots [33]. The other data set from the supplemental table was
generated by Shisong Ma in the Hans J. Bohnert Lab for dissecting
Arabidopsis salt stress pathways [34]. These two papers carefully
analyzed the Arabidopsis root transcriptome that responded to salt
stress.Wedid the comparison for the shot time(3 to6 h)of salt stress. In
our cotton results, among1503up-regulatedprobe sets, 1218probe sets
were hit to Arabidopsis locus and 303 of them showed up-regulation by
3 or 6 h salt stress in root at least once in the two data sets; among 1490
down-regulated probe sets, 1259 probe sets were hit to Arabidopsis
locus and 78 of them showed down-regulation by 3 or 6 h salt stress in
root at least once in the two data sets (Table 4 and Supplemental Table 3
show the detailed comparison).To further dissect the possible biological functions, we did the GO
enrichment analysis for the 303 up-regulated probe sets in both
cotton and Arabidopsis roots under salt stress and for the 915 up-
regulated probe sets only in cotton root, but there was no change or
opposite change in Arabidopsis roots under salt stress. As shown in
Supplemental Table 4, some stress and signal transduction pathway
related GO terms were signiﬁcantly enriched for the 303 probe sets,
such as “response to abiotic stimulus,” “response to biotic stimulus,”
“response to hormone stimulus,” “calcium ion binding,” etc. The
biological regulation related GO terms such as “transcription factor
activity” and “transcription regulator activity” were also signiﬁcantly
enriched. As to the 915 probe sets only up-regulated in cotton roots
under salt stress, the most enriched GO term belonged to the
metabolic process (such as ﬂavonol metabolic process and isoprenoid
biosynthetic process) and kinase activity. There are no enriched GO
terms for the down-regulated genes. Due to the limited cotton GO
information, we added the pathway information for these differen-
tially expressed cotton genes based on Arabidopsis MapMan (shown
in Supplemental Table 3).
4. Discussion
Using Affymetrix cotton genome array, we successfully identiﬁed
1503 up-regulated probe sets and 1490 down-regulated probe sets in
roots of TM-1 upland cotton subjected to salt stress. Some candidate
genes were further validated by RT-PCR analysis. Through data
mining, using such tools as GO and MapMan analysis, we prepared a
transcriptome map for the roots of TM-1 upland cotton seedlings
exposed to salt stress.
GO analysis showed that the GO terms “response to osmotic stress,”
“response to salt stress,” and “response to abscisic acid stimulus” were
signiﬁcantly enriched (Table 1). After 3 h of exposure to 100 mMNaCl,
some genes related to salt stress and osmotic stress were up-regulated
in cotton roots; these genes include orthologs of ABI1, STZ/ZAT10, CP1,
MPK3, SOS3, and CIPK6. Through comparative analysis of salt stress
regulated transcriptome between cotton root and Arabidopsis root, we
found that some salt related genes are up-regulated both in cotton and
Arabidopsis rootsunder 3 hor6 h salt stress, such as STZ/ZAT10,CP1, and
MPK3 (Supplemental Table 3). However, some other genes showed
quick expression response only in cotton salt stress, such as SOS3,CIPK6,
etc. The SOS3 in Arabidopsis thaliana has been studied intensively as a
calciumsensor during theplant's response to salt stress [13–15].CIPK6 is
a CBL-interactingprotein kinase recently identiﬁed as a gene involved in
plant development and salt tolerance, especially with regard to root
development [35,36].We also found that the homolog of salt-tolerance-
related AHA4, a root-endodermis-speciﬁc plasma membrane H+-
ATPase [37], was down-regulated in cotton roots under salt stress.
However, from the twomicroarray data sets about Arabidopsis root salt
stress, AHA4 gene did not show a down-regulation pattern. Thus, there
may be some conserved evolutional osmotic and salt response, while
the expression patterns of somekey genes suchas SOS3maybedifferent
for regulation of the ion homeostasis under salt stress between cotton
and Arabidopsis.
Plant responses to abiotic sources of stress such as salt, biotic
sources of stress such as fungi and bacteria, and osmotic stress may be
interrelated, and the results of our GO analysis may also match those
of some earlier research. For example, several WRKY genes were
signiﬁcantly induced by salt stress in roots of cotton, such as WRKY6,
WRKY33,WRKY40, andWRKY53. In roots of Arabidopsis also,WRKY33
was reported to be up-regulated under salt stress [33], and its over-
expression could increase the tolerance of Arabidopsis to NaCl
although WRKY33 was shown to be independent of the SOS-pathway
during salt stress [38]. WRKY33 interacts with MPK4 and its substrate
MKS1 in vivo and also targets the promoter of the camalexin
biosynthesis gene PAD3, possibly involved in regulating some innate
immunity-signaling pathways [39–42]. Coronatine was reported to
Table 3
Real-time PCR validation for selected probe sets.
Probe Set GeneChip QRT–PCR
GhiAffx.40480.2.S1_at
Ghi.3931.1.S1_s_at
Ghi.10388.2.S1_at
Ghi.7954.1.S1_s_at
Ghi.3259.2.S1_at
Ghi.4855.1.A1_at
GhiAffx.44148.1.S1_at
Ghi.10686.1.A1_at
Ghi.4.1.A1_at
GhiAffx.23397.1.S1_at
Ghi.1074.1.S1_s_at
Ghi.8116.1.S1_at
Ghi.7907.1.S1_s_at
GhiAffx.24637.1.S1_at
Ghi.10747.1.S1_at
Ghi.6808.1.S1_s_at
Ghi.5451.1.S1_at
Ghi.8025.1.S1_s_at
Ghi.7391.1.S1_x_at
Ghi.9182.3.S1_at
Ghi.9240.1.S1_s_at
Ghi.9953.2.S1_at
Ghi.9568.1.S1_at
GhiAffx.42068.1.S1_at
GhiAffx.48583.1.S1_at
Ghi.791.1.S1_s_at
GhiAffx.14120.1.A1_at
Ghi.1739.4.S1_x_at
GhiAffx.1589.46.S1_s_at
GhiAffx.47143.1.S1_at
Ghi.1032.3.S1_at
Ghi.9852.1.S1_a_at
Ghi.2998.2.S1_x_at
Ghi.2998.1.A1_x_at
Ghi.2766.2.S1_s_at
Ghi.9408.1.S1_at
GhiAffx.16118.1.S1_s_at
GhiAffx.39939.1.A1_s_at
Ghi.7313.1.S1_s_at
Ghi.2939.2.A1_s_at
GhiAffx.42527.1.A1_s_at
Ghi.6676.1.S1_s_at
Salt/CK(a)
2.429(b)
0.427(c)
4.518
3.756
2.189
3.702
16.778
2.333
8.232
8.790
12.696
9.525
15.298
3.936
4.139
4.372
8.966
4.263
0.522
4.444
3.590
11.050
20.965
3.419
3.157
0.318
0.265
14.524
9.408
2.450
3.386
2.089
6.002
4.171
2.679
20.659
0.253
0.410
2.815
6.794
0.055
6.018
Salt/CK
2.445
0.633
7.413
8.980
3.310
5.315
26.112
3.038
5.979
16.374
41.165
14.894
18.896
4.238
26.416
19.427
13.548
11.849
0.574
6.650
35.017
12.862
45.570
10.520
15.455
0.544
0.361
17.148
13.517
7.945
4.724
2.395
17.590
17.030
5.618
52.104
0.426
0.585
2.485
8.938
0.044
5.870
p–value
4.46E–05
5.07E–04
1.23E–07
5.30E–06
1.09E–03
4.20E–07
3.68E–06
1.07E–03
3.10E–06
4.45E–10
1.66E–07
1.34E–06
1.25E–05
8.77E–02
7.86E–08
1.46E–04
6.29E–08
3.37E–07
7.48E–05
2.15E–06
1.27E–09
1.05E–08
1.78E–08
1.54E–07
1.36E–07
2.71E–03
1.92E–03
4.54E–07
3.15E–06
3.10E–09
1.78E–05
7.84E–05
6.29E–08
5.61E–07
4.00E–07
1.31E–11
7.56E–05
1.39E–04
9.19E–07
4.23E–07
6.82E–08
1.59E–07
TAIR9 hit
AT5G24270.1
AT3G47950.1
AT4G30960.1
AT3G45640.1
AT4G08500.1
AT5G49480.1
AT5G64750.1
AT3G11410.1
AT1G52340.1
AT2G04240.2
AT1G27730.1
AT5G51990.1
AT4G27410.2
AT3G23240.1
AT5G47220.1
AT3G15210.1
AT4G11280.1
AT1G05010.1
AT2G43710.1
AT1G62300.1
AT2G38470.1
AT4G23810.1
AT1G80840.1
AT3G17860.1
AT3G06490.1
AT2G39940.1
AT2G39940.1
AT1G17420.1
AT1G72520.1
AT5G42650.1
AT2G06050.3
AT1G20510.1
AT1G13280.1
AT3G25760.1
AT3G05200.1
AT2G27690.1
AT2G01570.1
AT3G03450.1
AT5G21482.1
AT5G64210.1
AT1G32450.1
AT3G28210.1
Annotationn
SOS3 
AHA4 
CIPK6
ATMPK3
MEKK1 
ATCP1
ABR1
AHG3/ATPP2CA 
ABA2
XERICO
STZ/ZAT10
CBF4/DREB1D
RD26 
ATERF1/ERF1
ATERF–2/ATERF2/ERF2
ATERF–4/ATERF4/ERF4/RAP2.5 
ACS6
EFE 
SSI2
WRKY6
WRKY33
WRKY53
WRKY40
JAI3/JAZ3/TIFY6B 
MYB108
COI1
COI1
LOX3
lipoxygenase, putative 
AOS
OPR3
OPCL1
AOC4
AOC1
ATL6
CYP94C1 
RGA1
RGL2
CKX7
AOX2 
POT family protein 
PMZ
p–value
4.63E–03
5.54E–03
1.68E–02
2.65E–04
1.72E–01
1.20E–02
1.37E–03
1.57E–02
4.33E–03
1.28E–03
1.89E–02
9.59E–03
6.55E–05
4.19E–04
3.14E–03
2.18E–03
4.54E–03
1.83E–02
5.93E–03
1.38E–02
1.35E–03
3.58E–03
1.76E–03
2.13E–03
1.31E–03
2.25E–02
9.95E–03
5.36E–03
5.02E–04
1.02E–02
3.06E–03
1.83E–03
1.49E–03
2.58E–03
6.20E–04
1.87E–02
7.13E–04
5.88E–03
1.29E–02
1.52E–03
1.14E–03
8.21E–03
aSalt/CK indicates the ratio of expression value between the treated plants and the control plants.
bNumbers in red indicate up-regulation.
cNumbers in blue indicate down-regulation.
53D. Yao et al. / Genomics 98 (2011) 47–55alleviate salinity stress in cotton by improving the antioxidative
defense system and radical-scavenging activity [43]. Comparing the
effects of salinity priming on tolerance to NaCl in several transgenic
insect-resistant cotton cultivars suggested that the foreign insect-
resistant genes may lower the tolerance in the transgenic insect-
resistant cotton [44]. In addition, adverse effects of salinity on plant
growth are associated with the damage caused by free radicals. For
example, the activity of antioxidant enzymes was increased to protect
the plant from the reactive oxygen species generated in response to
salt stress [45].
Besides salt-stress-mediated ABA metabolism and signal trans-
duction pathways, results of the global cotton microarray and RT-PCR
analysis also revealed the interactions between signal transduction
pathways of other hormones and salt stress in roots of cotton.
Multiple hormones are involved in salt stress, such as ethylene,
salicylic acid, and jasmonic acid. For example, a large number of genes
involved in ethylene synthesis and those mediated by ethylene signal
transduction were signiﬁcantly up-regulated under salt stress; such
genes include those encoding EFE and ERF proteins. Some genes
related to the salicylic acid signal transduction pathway were
signiﬁcantly induced in roots of cotton by salt stress; these includeSSI2 and WRKY family genes. Genes such as LOX, AOS, AOC, and OPR3,
which are related to jasmonate metabolism, were signiﬁcantly up-
regulated under salt stress. We combined the related signal trans-
duction pathways and used MapMan to map the microarray gene
expression data to the network, which was constructed using
Pathway Studio tools, based on the latest information related to
jasmonate, ethylene, and salicylic acid signaling pathways available
from Science's STKE (signal transduction knowledge environment) at
bhttp://stke.sciencemag.org/cgi/cm/N. Fig. 3A shows the changes in
expression levels of genes related to ethylene signaling during the 3-h
exposure to NaCl. Besides the salt-induced ERF genes, two probe sets
matched chitinase and one probe set matched ETR2; these were up-
regulated following exposure to salt stress. Also, two probe sets
matched EIN2 (ethylene insensitive 2) and one probe set matched
ETR1 (ethylene response 1); these were down-regulated.
Fig. 3B shows the differential expression of genes involved in the
jasmonic acid and salicylic acid signaling pathways. In the cotton
roots, several JAZ (jasmonate-ZIM-domain protein) probe sets, one
LOX3 probe set, oneMYC2 probe set, and oneMKK2 probe set were up-
regulated by the treatment; in addition, one probe set that matched
COI1 was down-regulated. The pathway analysis suggests that
Table 4
Comparison of gene expression between cotton and Arabidopsis roots under NaCl
treatment.
Total cotton
probe sets
Without
hit to
Arabidopsis
Hit to Arabidopsis
Salt root
3 ha
Salt root
6 ha
6 h mean
ratiob
Up-regulated 1503 285 202 213 229
Down-regulated 1490 231 42 51 40
a Compared to the 3 h and 6 h salt stress in Arabidopsis roots from Bohnert Lab's
paper.
b Compared to the 6 h salt stress in Arabidopsis roots from Deyholos Lab's paper.
54 D. Yao et al. / Genomics 98 (2011) 47–55upstream genes such as COI1 and EIN2 in the jasmonic acid and
ethylene signaling pathways were affected by the treatment.
Some auxin induced genes were up-regulated under salt stress,
such as GH3 (auxin-conjugating enzyme) and IAA, while some genes
involved in auxin metabolism (synthesis as well as degradation) and
auxin signal transduction were down-regulated, such as ARF (auxin
response factor) and AFB2 (auxin signaling F-box 2). We also found
that many genes related to brassinosteroid synthesis and signal
transduction were signiﬁcantly down-regulated under salt stress,
such as SMT2 (sterol methyltransferase 2) and BES1 (bri1-EMS-
suppressor 1). Some genes, such as GAI (gibberellic acid insensitive)
related to gibberellin signal transduction pathway, were dramatically
down-regulated. Some gibberellin synthesis genes were up- or down-
regulated, such as gibberellin 2-oxidase and gibberellin 20-oxidase. In
addition, we also found that three probe sets for CKX7 (cytokinin
oxidase 7) were up-regulated.Fig. 3. MapMan overview of selected genes in roots of upland cotton related to hormone si
related to jasmonic acid signaling and salicylic acid signaling. Log2 ratio of the treatment to t
genes and blue boxes indicate down-regulated genes.The GO analysis also indicated that genes related to fatty acid
metabolism were signiﬁcantly enriched, including LOX, AOS, AOC,
OPR3, and SSI2. Fatty acids are essential to membrane biosynthesis.
Fatty acids with very long chains are important components of plant
lipids, suberins, and cuticular waxes. During the early stages of
development of the cotton ﬁber, the genes related to biosynthesis of
very-long-chain fatty acids are signiﬁcantly up-regulated [46].
Ethylene biosynthesis is closely mediated by the saturated very-
long-chain fatty acids, promoting elongation of the cotton ﬁber[47].
Our results indicate that genes related to fatty acid metabolism may
also play an important role in making cotton more tolerant to salt
stress.
In this study, we used the Affymetrix cotton genome array and
prepared a transcription map of genes expressed in roots of cotton
under salt stress. However, the entire sequence of the cotton genome
is not available, which makes it difﬁcult to provide a complete
overview of the transcription map in this case and to classify the
response genes by their global functions. It is necessary to apply deep-
sequencing technologies such as mRNA-seq and miRNA-seq for more
comprehensive mapping of the cotton salt stress transcriptome in the
future. However, our transcriptome map may provide signiﬁcant
insights into the underlying molecular mechanisms that govern the
response of cotton to salt stress, and the salt-induced and -reduced
genes we identiﬁed may prove to be potential candidates for global
genetic engineering of salt tolerance in cotton. The ﬁndings can be
used in global reverse genetics studies in cotton and for increasing
cotton production through genetic means.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.04.007.gnaling in response to NaCl treatment. A, Genes related to ethylene signaling. B, Genes
he control for individual genes was plotted onto boxes. Red boxes indicate up-regulated
55D. Yao et al. / Genomics 98 (2011) 47–55Acknowledgments
Wewish to thankMs.Wenying Xu for her critical suggestions. This
work was supported by grants from the Ministry of Science and
Technology of China (90817006, 2008ZX08005-001, 2006AA100105,
and 2006CB100105).
References
[1] E.V. Maas, Crop salt tolerance, in: K.K. Tanji (Ed.), Agricultural Salinity Assessment
and Management. ASCE Manuals and Reports on Engineering No. 71, American
Society of Civil Engineers, New York, 1990, pp. 262–304, Chapter 13.
[2] A.J. Viswanathan Chinnusamy, Jian-Kang Zhu, Understanding and improving salt
tolerance in plants, Crop Sci. 45 (2005) 437–448.
[3] P.D.S.a.C.J. Gerard, Emergence force of cotton seedlings as inﬂuenced by salinity,
Agron. J. 74 (1982) 699–702.
[4] R.K. Berkant ÖDEMİŞ, Effects of irrigation water quality on evapotranspiration,
yield and biomass of cotton, J. Plant Environ. Sci. (2009) 16–20.
[5] E. Brugnoli, M. Lauteri, Effects of salinity on stomatal conductance, photosynthetic
capacity, and carbon isotope discrimination of salt-tolerant (Gossypium hirsutum L.)
and salt-sensitive (Phaseolus vulgaris L.)C(3)non-halophytes, PlantPhysiol. 95 (1991)
628–635.
[6] C.A. Wu, G.D. Yang, Q.W. Meng, C.C. Zheng, The cotton GhNHX1 gene encoding a
novel putative tonoplast Na(+)/H(+) antiporter plays an important role in salt
stress, Plant Cell Physiol. 45 (2004) 600–607.
[7] H. Evelin, R. Kapoor, B. Giri, Arbuscular mycorrhizal fungi in alleviation of salt
stress: a review, Ann. Bot. 104 (2009) 1263–1280.
[8] F.G.Z. Fu-Suo, Effect of arbuscular mycorrhizal fungi on salinity tolerance of
cotton, Chin. J. Eco-Agric. 11 (2003) 21–24.
[9] R. Munns, M. Tester, Mechanisms of salinity tolerance, Annu. Rev. Plant Biol.
59 (2008) 651–681.
[10] P.M. Hasegawa, R.A. Bressan, J.K. Zhu, H.J. Bohnert, Plant cellular and molecular
responses to high salinity, Annu. Rev. Plant Physiol. Plant Mol. Biol. 51 (2000)
463–499.
[11] K. Shinozaki, Plant response to drought and salt stress: overview, Tanpakushitsu
Kakusan Koso 44 (1999) 2186–2187.
[12] J.K. Zhu, Salt and drought stress signal transduction in plants, Annu. Rev. Plant
Biol. 53 (2002) 247–273.
[13] J. Liu, J.K. Zhu, A calcium sensor homolog required for plant salt tolerance, Science
280 (1998) 1943–1945.
[14] M. Ishitani, J. Liu, U. Halfter, C.S. Kim, W. Shi, J.K. Zhu, SOS3 function in plant salt
tolerance requires N-myristoylation and calcium binding, Plant Cell 12 (2000)
1667–1678.
[15] M.J. Sanchez-Barrena, M. Martinez-Ripoll, J.K. Zhu, A. Albert, The structure of the
Arabidopsis thaliana SOS3: molecular mechanism of sensing calcium for salt stress
response, J. Mol. Biol. 345 (2005) 1253–1264.
[16] Z.H. Ren, et al., A rice quantitative trait locus for salt tolerance encodes a sodium
transporter, Nat. Genet. 37 (2005) 1141–1146.
[17] G.K. Pandey, et al., ABR1, an APETALA2-domain transcription factor that functions
as a repressor of ABA response in Arabidopsis, Plant Physiol. 139 (2005)
1185–1193.
[18] A. Moons, G. Bauw, E. Prinsen, M. Van Montagu, D. Van der Straeten, Molecular
and physiological responses to abscisic acid and salts in roots of salt-sensitive and
salt-tolerant Indica rice varieties, Plant Physiol. 107 (1995) 177–186.
[19] W. Ye, Study on the Salinity Resistance and Resistance Gene Expression in Cotton
Germplasm. Doctoral Dissertation of CAAS (2007).
[20] Y. Chen, Isolation andCharacterizationofGaP5CSandGaTPS inGossypiumarboreum
L. Chinese Academy of Agricultural Sciences Master Dissertation (2009).
[21] T. Munnik, H.J. Meijer, Osmotic stress activates distinct lipid and MAPK signalling
pathways in plants, FEBS Lett. 498 (2001) 172–178.
[22] D. Kultz, M. Burg, Evolution of osmotic stress signaling via MAP kinase cascades,
J. Exp. Biol. 201 (1998) 3015–3021.[23] M.S. Alabady, E. Youn, T.A. Wilkins, Double feature selection and cluster analyses
in mining of microarray data from cotton, BMC Genomics 9 (2008) 295.
[24] J.A. Udall, et al., Spotted cotton oligonucleotide microarrays for gene expression
analysis, BMC Genomics 8 (2007) 81.
[25] Y.H. Shi, et al., Transcriptome proﬁling, molecular biological, and physiological
studies reveal a major role for ethylene in cotton ﬁber cell elongation, Plant Cell
18 (2006) 651–664.
[26] Y. Wu, et al., Cycloheximide treatment of cotton ovules alters the abundance of
speciﬁc classes of mRNAs and generates novel ESTs for microarray expression
proﬁling, Mol. Genet. Genomics 274 (2005) 477–493.
[27] C. Dowd, I.W. Wilson, H. McFadden, Gene expression proﬁle changes in cotton
root and hypocotyl tissues in response to infection with Fusarium oxysporum
f. sp. vasinfectum, Mol. Plant Microbe Interact. 17 (2004) 654–667.
[28] D.J. Hinchliffe, et al., Near-isogenic cotton germplasm lines that differ inﬁber-bundle
strength have temporal differences in ﬁber gene expression patterns as revealed by
comparative high-throughput proﬁling, Theor. Appl. Genet. 120 (2010) 1347–1366.
[29] J.A. Christianson, D.J. Llewellyn, E.S. Dennis, I.W. Wilson, Global gene expression
responses to waterlogging in roots and leaves of cotton (Gossypium hirsutum L.),
Plant Cell Physiol. 51 (2010) 21–37.
[30] S.M.H. Laura Rodriguez-Uribea, et al., Identiﬁcation of salt responsive genes using
comparative microarray analysis in Upland cotton (Gossypium hirsutum L.), Plant
Sci. (2011) 461–469.
[31] H. Lin, S.S. Salus, K.S. Schumaker, Salt sensitivity and the activities of the H+-
ATPases in cotton seedlings, Crop Sci. 37 (1997) 190–197.
[32] X. Zhou, Z. Su, EasyGO: Gene Ontology-based annotation and functional
enrichment analysis tool for agronomical species, BMC Genomics 8 (2007) 246.
[33] Y. Jiang, M.K. Deyholos, Comprehensive transcriptional proﬁling of NaCl-stressed
Arabidopsis roots reveals novel classes of responsive genes, BMC Plant Biol. 6 (2006)
25.
[34] S. Ma, Q. Gong, H.J. Bohnert, Dissecting salt stress pathways, J. Exp. Bot. 57 (2006)
1097–1107.
[35] V. Tripathi, N. Syed, A. Laxmi, D. Chattopadhyay, Role of CIPK6 in root growth and
auxin transport, Plant Signal. Behav. 4 (2009) 663–665.
[36] V. Tripathi, B. Parasuraman, A. Laxmi, D. Chattopadhyay, CIPK6, a CBL-interacting
protein kinase is required for development and salt tolerance in plants, Plant J.
58 (2009) 778–790.
[37] V. Vitart, I. Baxter, P. Doerner, J.F. Harper, Evidence for a role in growth and salt
resistance of a plasma membrane H+-ATPase in the root endodermis, Plant J.
27 (2001) 191–201.
[38] Y. Jiang, M.K. Deyholos, Functional characterization of Arabidopsis NaCl-inducible
WRKY25 and WRKY33 transcription factors in abiotic stresses, Plant Mol. Biol. 69
(2009) 91–105.
[39] J.L. Qiu, et al., Arabidopsis MAP kinase 4 regulates gene expression through
transcription factor release in the nucleus, EMBO J. 27 (2008) 2214–2221.
[40] K. Petersen, B.K. Fiil, J. Mundy, M. Petersen, Downstream targets of WRKY33, Plant
Signal. Behav. 3 (2008) 1033–1034.
[41] B. Lippok, et al., Expression of AtWRKY33 encoding a pathogen- or PAMP-
responsive WRKY transcription factor is regulated by a composite DNA motif
containing W box elements, Mol. Plant Microbe Interact. 20 (2007) 420–429.
[42] E. Andreasson, et al., The MAP kinase substrate MKS1 is a regulator of plant
defense responses, EMBO J. 24 (2005) 2579–2589.
[43] Z. Xie, et al., Coronatine alleviates salinity stress in cotton by improving the
antioxidative defense system and radical-scavenging activity, J. Plant Physiol.
165 (2008) 375–384.
[44] S.Y.-J. Lin Jun, You-Jun Lu, Shui-Jin Zhu, Effects of the salinity priming on the NaCl
tolerance of transgenic insect resistant cotton (Gossypium hirsutum L.), Cotton Sci.
18 (2006) 342–346.
[45] D.R. Gossett, E.P. Millhollon, M.C. Lucas, Antioxidant response to NaCl stress in
salt-tolerant and salt-sensitive cultivars of cotton, Crop Sci. 34 (1994) 706–714.
[46] Y.M. Qin, et al., Cloning and functional characterization of two cDNAs encoding
NADPH-dependent 3-ketoacyl-CoA reductased from developing cotton ﬁbers, Cell
Res. 15 (2005) 465–473.
[47] Y.M. Qin, et al., Saturated very-long-chain fatty acids promote cotton ﬁber and
Arabidopsis cell elongation by activating ethylene biosynthesis, Plant Cell 19 (2007)
3692–3704.
